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Absolute negative conductivity in two-dimensional electron systems under microwave 

radiation 
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We overview mechanisms of absolute negative conductivity in two-dimensional electron systems 
in a magnetic field irradiated with microwaves and provide plausible explanations of the features 
observed in recent experiments related to the so-called zero-resistance (zero-conductance) states. 
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I. INTRODUCTION 

The possibility of absolute negative conductivity 
(ANC) when the dc dissipative current is directed op- 
posite to the local electric field in two-dimensional elec- 
tron systems (2DESs) subjected to a magnetic field and 
irradiated with microwaves with the frequency f2 some- 
what exceeding the cyclotron frequency fie or its har- 
monics was predicted more than three decades ago 
(see also Refs. H S S 0). The predicted effect is 
associated with photon-assisted impurity scattering re- 
sulting in electron transitions between the states corre- 
sponding to different Landau levels (LLs) and different 
positions of the Larmor orbit centers. Two groups of 
experimentalists observed the effect of vanishing electri- 
cal resistance and transition to" zero-resistance" (in the 
Hall bar configuration) and "zero-conductance" (in the 
Corbino samples) states in 2DESs under microwave irra- 
diationJojH, P, ^ • Similar results were obtained also in 
Refs. [iflllll- Recently, the oscillatory magnetic-field de- 
pendences of the Hall resistivity were observed |0, 0| . 
The formation of zero-resistance and zero-conductance 
states is primarily attributed to photon-assisted impu- 
rity scattering mechanism of ANC y, |5l [l^ and insta- 
bility of uniform electric-field distributions due to ANC 
(for example, 0,0|). In this paper, we address to the 
concept of ANC invoking the mechanism associated with 
the direct effect of microwave radiation on the electron 
scattering processes. 



II. PHASES OF OSCILLATIONS AND POWER 
EFFECTS 

The mechanism of ANC associated with photon- 
assisted impurity scattering explains features of the ef- 
fect. According to 0, S Si 0i the positions of the 
photoconductivity zeros, maxima, and minima of the 
photoconductivity correspond mainly to MVL = Afic, 

respec- 
tively, where and are the microwave and electron 
cyclotron frequencies, respectively, M, A = 1, 2, 3, ... and 
are determined either by the LL broadening T or 
by the net electric field. Typical calculated dependences 
of the microwave photoconductivity corresponding to the 
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FIG. 1: Photocurrent due to photon-assisted impurity scat- 
tering vs n/r^c at different microwave powers for a = 
(r/Fi)^ = 10 (Fi is the LL broadening due to impurity scat- 
tering). Markers correspond to contribution of intra-LL elec- 
tron transitions. 



. 4 



2 

53 
c 

c 

._?0 

X 
ID 

E -2 
c 

E . 



a/2jt = 


50 GHz 




a = 10 














Q.ISli.^*'' = 1.0 






, ,1 


3.0 



10 

p 



10 



FIG. 2: Photocurrent maxima and minima corresponding to 
different resonances vs normalized microwave power. 



abovementioned positions of the zeros, maxima, and min- 
ima are shown in Fig. 1 Q . These dependences correlate 
well with the experimental curves. In particular. Fig. 1, 
shows a pronounced zero, maximum, and minimum near 
two-photon resonance 2$1 ~ Silc- 

As seen from Fig. 1, the magnitude of the first maxi- 
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FIG. 3: Photoconductivity associated with photon-assisted 
impurity scattering vs Q/flc at diflerent temperatures. 
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FIG. 5: Contribution of photon-assisted scattering on acous- 
tic phonons to photoconductivity as a function of Q/^lc at 
different (a) temperatures and (b) microwave powers. 



FIG. 4: Temperature dependences of normalized dissipative 
conductivity corresponding to different microwave powers. 

mum and minimum (A = 1) as a function of microwave 
power tends to saturation when this power increases, 
while the span of the maxima and minima corresponding 
to higher resonances (see Fig. 2) continues to increase 
with increasing microwave power ^ . 



III. TEMPERATURE SUPPRESSION OF ANC 

A significant sensitivity of the amphtude of microwave 
photoconductivity oscillations to the temperature can be 
attributed to an increase of the LL broadening due to in- 
creasing dependence of the electron-electron scattering. 
This is because the magnitude of the maxima and minima 
sharply decreases with increasing LL broadening. The 
microwave photoconductivity is actually determined by 
the processes of both absorption and emission of photons. 
This results in an additional temperature dependent fac- 
tor: aph oc [1 — exp(— ftfi/T)]. At the photon energies 
h^l corresponding to the experimental values, this factor 
markedly decreases when the temperature increases from 
T<lKtoT~3 — 5K. Considering this and assuming 
that the contribution of the electron-electron interaction 
to the LL broadening Te oc T'^\n{eF/T) where 



T and ep are the temperature and electron Fermi en- 
ergy (ef ^ fi^cT), respectively, one can find that the 
shape of the first maximum and minimum transforms 
with temperature as shown in Fig. 3. Fig. 4 demon- 
strates the temperature dependences of the net dissipa- 
tive conductivity at different microwave powers. Photon- 
assisted scattering of electrons on acoustic phonons can 
also provide an oscillatory contribution to the microwave 
photoconductivity [l9l l20j | . The pertinent dependences 
calculated in [13 are shown in Fig. 5. As seen from 
Fig. 5, photon-assisted acoustic scattering leads to os- 
cillatory microwave photoconductivity with the phase 
virtually opposite to the phase of the oscillation asso- 
ciated with photon-assisted impurity scattering. Since 
the contribution of the "phonon" mechanism increases 
with temperature, this mechanism can be weak at, for 
instance, T < 1 K and be essential at elevated tempera- 
tures (T ~ 3 — 5 K). The contribution of photon-assisted 
acoustic scattering to the microwave photoconductivity 
can be marked in 2DESs with rather high electron mo- 
bility, i.e., in the samples with sufficiently weak impurity 
scattering. As a result, the mechanism of ANC associ- 
ated with photon-assisted acoustic scattering in 2DESs 
with very large mobilities can effectively interfere with 
the photon-assisted impurity scattering mechanism and 
surpass it even at fairly low temperatures. 
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FIG. 6: The Hall microwave photoconductivity vs normalized 
magnetic field (7 = F/fic ~ 0.15). 
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FIG. 7: Dissipative (solid curves) and Hall (dotted curves) 
resistivities vs normalized magnetic field. 



IV. INFLUENCE OF MICROWAVES ON THE 
HALL EFFECT 

The photon-assisted impurity scattering provides con- 
tributions to both the dissipative and Hall components 
of the conductivity (and, consequently, resistivity) ten- 
sor. Fig. 6 shows the variation of the Hall conductivity 
under microwave radiation vs magnetic field normalized 
by Hq (X n. It is instructive that the Hall microwave 
photoconductivity is an even function of the magnetic 
field. This component is sensitive to the polarization of 
microwave radiation. In the case of linear polarization, 
Aan oc sin 2ip fglj] , as predicted a long time ago (see 



also, 13), where (p is the angle between the dc electric field 
and the ac microwave field. The dissipative and Hall mi- 
crowave photoconductivities affect both the dissipative 
and Hall resistivities. Fig. 7 shows the calculated dissi- 
pative resistivity and variation of the Hall resistivity as 
functions of the normalized magnetic field ■ These de- 
pendences are similar to the experimental one's |l2lll3j |. 

V. COMMENTS 

Apart from the mechanisms of ANC associated with 
the effect of the microwave field on the electron dy- 
namics and scattering processes, the effect of ANC in 
a 2DES subjected to a magnetic field can also be asso- 
ciated with a deviation of the electron distribution func- 
tion from equilibrium one ("statistical" mechanism). A 
model based on the assumption that the electron distri- 
bution function is nonmonotonic with inversion popula- 
tion of the states near the center of LL's caused by the 
absorption of microwave radiation was proposed (11. . .23l | . 
In this model, a photoexcited electron contributes to the 
dissipative photoconductivity immediately when it trans- 
fers to an upper LL absorbing a photon (this actually 
corresponds to the dynamic mechanism) and owing to 
non-radiative scattering events upon the excitation. The 
impurity scattering of the photoexcited electrons can pro- 
vide a negative contribution to the dissipative photocon- 
ductivity if the maxima of the electron density of states 
are shifted with respect to the maxima of the distribution 
function The main problem is, however, the feasi- 

bility of such nontrivial electron distributions, particu- 
larly, due to both intra-LL and inter-LL electron-electron 
scatterin g [iM |25| and scattering of electrons on acoustic 
phonons j2a | . The dynamical and statistical mechanisms 
can be distinguished by their different polarization selec- 
tivity. 

In summary, we demonstrated that the main fea- 
tures of the mechanism of ANC associated with photon- 
assisted scattering of electrons on impurities and acoustic 
phonons are consistent with the results of experimental 
observations. 

The author is grateful to R. Suris, V. Volkov, A. Chap- 
lik, and V. Vyurkov for discussions and to I. Khmyrova 
and A. Satou for assistance. 
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